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TABLE 4.11 - Direct Liquefaction of Coal 


- Characterization Summary 


— Capital 


Fixed O&M Cost 


Direct Liquefaction of Coal - Characterization Summar 


Variable O&M 


Cost 


« [Economic Lifetime 











Four characterizations 


processes. These are S 


Assessors 


Australia:- Department c 
CAGA Centre, 


Japan:- Koyama, S., Kas 
Electrotechnica 


U.K.:- Ward, A.V., ETSU 


U.S- k سذ‎ Bhagat, Ne, Br 
Upton, NY 1195 


Notes: 


(1) All energy quantitie 
Capacities and all spe 
energy outputs of pla 


(2) Brown Coal Hydrogene 


The assessment 
tion informat 
feasibility st 
hydrogenation 
secondary ref 
liquids to 1 


oil etc. 


The efficienc 
(39 $) is low comp: 
liquefaction proce: 


dry coal basis bro 
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lere received for direct liquefaction 


۱10112 ۳ 1 zed in Table 4.11. 


۱۶ National Development and Energy, 
Akuna St., Canberra City, ACT, 2601 


۱1۳6۳12, T., and Endo, E., 
. Laboratory, Sakura-Mura, Ibaraki 


Harwell 


Ookhaven National Laboratory, 


۲ 2 
~ 


S are based on NCV of fuels. Design 
‘cific costs are expressed in terms of 
its. 


ition - Australia 





: obtained general brown coal hydrogena- 
.on from the FRG/Australia coal-to-oil 
.udy and is therefore Bergius 

, The plant is assumed to include a 
nery-type plant to process raw output 

: 160 products such as gasoline, diesel 


; of the brown coal liquefaction process 
red with the hard coal direct 
ss summarized in Table 4.11. Ona 


in coal and hard coal can be liqui- 
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fied with roughly similar efficiencies. However, 

to produce 1 tonne of dry brown coal with a GCV of 

27 GJ/te, 3 tonne of "wet" brown coal with a GCV of about 9 
GJ/te must be used together with another 2 tonne to provide 
process heat for coal drying. In addition, the secondary 
refinery-type plant has an efficiency of about 85 $ which 
is slightly lower than the 90 $ of a normal oil refinery 
due to the much heavier fraction of the raw coal liquids. 
Thus, if the efficiency of the basic brown coal hydrogena- 


tion process is 60 $, overall efficiency is 


60$ x 3/4 x 0.85 = 39 $ (Dung Le, AAEC, 
private communication) 


Investment costs for brown coal liquefaction plants are 
higher than corresponding hard coal plants due to the costs 
of coal drying and handling larger input volumes. These 
costs are independent of the basic liquefaction route and 
are typically 10 % of the total process investment. The 
operating and maintenance cost, which includes fixed and 
variable items under the fixed O&M heading in Table 4.11, 


is estimated as being 8 $ of investment cost. 


Product slate at 100 $ availability is 


gasoline 94 PJ/a 
diesel oil 46 PJ/a 


The assessor provided confidence limits on some items in Table 
4.11 as follows: 


Item Unit Median 10 % Probability of Being 





Value Less Than Greater Than 





Total Capital ۵ 36.7 33 41 
Total O&M Cost| $/GJ/a 2.6 














(3) Hard Coal Direct Liquefaction - Japan 





The process is a characterization of a plant constructed in 
foreign countries which liquifies hard coal by the direct 





hydrogenation method. Output liquids are naphtha, light oil 


and heavy oil. 


(4) Hard Coal Liquid Solvent Extraction - U.K. 





The process described in this characterization is the U.K. 
National Coal Board (NCB) Liquid Solvent Extraction techno- 
logy. The NCB has provided the assessor with the following 
process description. 

The key feature of the NCB process is that removal of mineral 
matter precedes hydrogenation. The overall process can then be 
optimised for the production of premium distillate products 
(LPG, non-leaded high-octance gasoline, jet fuel and diesel 
fuel). Methane produced may be used as plant fuel, as a source 
of process hydrogen or sold as SNG. Heavier fractions are 
utilised in the process, but the product slate can be readily 
altered to include some heavier materials (eg. refined pitch or 
electrode coke) should they acquire premium values. The high 
selectivity and flexibility result from the process being 
conducted in two stages. A "clean" coal extract produced in the 
first stage is hydrocracked, and the products refined, in the 
second stage. Removal of potential catalyst deactivating 
materials in the f'rst stage ensures that a highly selective 


catalyst can be em,loyed in the hydrocracking operation. 


A high-boiling, coal-derived solvent is employed to extract the 
coal and is used as the vehicle to carry the extract through 
the hydrocracking operation. This solvent contains components 
capable of transferring hydrogen to the coal during the pyro- 
lysis/solution process and this permits depths of extraction up 
to 90 per cent of the coal substance. The hydrogen donor capa- 
bility of the solvent is regenerated as it passes through the 
hydrocracker. Because of the important role played by the 
solvent, the overall process is referred to as the Liquid 
Solvent Extraction (LSE) process, to distinguish it from other 


processes currently being developed. 


The coal extracts can be hydrocracked to yield naphtha and 
middle distillate as principal products under conditions no 
more severe than those employed in conventional oil refining. 
When refined pitch (or electrode coke) is a co-product, 
hydrocracking conditions are even less exacting. 


(5) Coal Direct Liquefaction - U.S.A. 





The U.S.A. characterization is a generic description of lique- 
faction of coal by a direct process such as SRC, Exxon Donor 
Solvent process, or H-coal. Crushed coal is slurried in a 
process-derived solvent and reacted directly with hydrogen in 
high temperature and pressure conditions. The yields and 
characteristics of the products depend on reactor conditions 


and degree of hydrogenation. 


The assessor provided confidence limits on some items in Table 
4.11 as follows: 


Median 10 % Probability of Being- 





Value Less Than Greater Than 











Overall Effi- 68 62 74 
ciency (average 
load) 

Total Capital $/GJ/a 
Cost 
Fixed O&M Cost $/GJ/a 
Variable O&M $/GJ/a 
Cost 
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4.11 Ethanol From Biomass 





The properties of fuel ethanol and the methods for its prodi 
tion are described below with extracts from Ref. 4.11. 


Ethanol can be produced by microbial fermentation of sugars 
sugar polymers such as starch or cellulose. Starch and 
cellulose require chemical or enzymatic hydrolysis for 
fermentation to proceed. This is a simple step for starch, kL 
much more difficult for cellulose. A wide range of crops car 
used as feedstock, including sugar cane, cereal grains, 
cassava, sweet sorghum, and sugar of fodder beet. The ethanc 
is produced as a dilute solution in water and concentrated k 


distillation. 


Ethanol's attraction lies in the fact that it can be produce 
efficiently by plants smalier than those required for econon 
production of, say, methanol or oil from coal. As a fuel ext 
er it is therefore capable of being implemented comparativel 
rapidly and avoids the lead times and investment problems 

associated with larger scale synthetic fuel plants. In addi- 
tion, the technology, though capable of improvement, is old 
well understood. However, there is some concern as to whethe 
production of ethanol feedstocks can compete with alternativ 


uses for the land available. 


Ethanol is a high octane fuel which can be used as a substit 
or extender for gasoline in spark ignition engines. It is nc 
however, a ready substitute for distillate. Owing to its lov 
cetane number and poor compression ignition properties, it 
cannot be used as a straight diesel fuel without major engir 
modification. It can be used as a distillate extender in 
blends, 6101 510۳5 , or with dual fuel injections systems, but 


is not yet proven that its fuel performance is satisfactory. 
Many of the arguments applying to methanol apply also to 


ethanol. In general, ethanol - perhaps because it is the sec 
member of the series and thus more like the hydrocarbons anc 
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TABLE 4.12 - Ethanol From Biomass - Characterization Summary 


(3) Overall Efficiency. Calculated on GCV basis as follows. 4.12 Biogas From Manure 











less like water - is the easier of the two alcohols to inte- 
A characterization was received from Denmark (Table. 4.13) 





















































































































































1C- grate into the transport fuel market and it raises fewer diffi- P 3 E p o Energy Inputs Median Value 10 % Probability of Being-| 
culties in distribution, storage and use. 9 E d, 8 ~ 35 bi p 8 3 (PJ/a) Less Than Greater Than describing production for local use of methane-rich biogas from 
There are many similarities between ethanol and methanol as 9 ۲ ۷ ۱ 2 2 C ۴ ۳ 1 ۶ 6 L L = “ manure derived from a large farm population of approximately 
le" 0 + m n لم بهي‎ “A O H ° ° 
and substitute fuels, although ethanol is less poisonous than 8 LL a3 > 4 2 ° 8 š M m Cane as harvested 700 animals. The data are for a system already operating at 
— 3 : : 
methanol and causes less deterioration of some materials used B pd E 5 9 š 3 E x : E 3 6 (1.41 M tonnes/a) Fiskebakegard, Grasten Landbrugsskole, Denmark. It is a 
۱ in present vehicles. Both can be used as extenders to gasoline; 2 i442 E sigs E gif b L d 9 Growing and —— SOSU — Hp — a OC — — 
bati busta i k i TY ; 1 à a bu ۵ i O & | 6 ك‎ = b > m anaerobic conditions using a completely mixed two step process 
jut oth can be used as pure fuels in spark ignition engines; an | harvesting 
à; ۱ à; Unit PJ/a PJ % % % y requiring two series connected reactors each of 180 m3 volume. 
1 be both can be converted via the Mobil process to gasoline. ai Transport of cane 
Australi for processin š 
۱ raia y ۳ 3 A good deal of the gas (100 m3/day out of total production of 
1 Ethanol has little more than half the energy content (59 $) of (ethanol from sugar 20 Processing l | 
| | i ۱ cane juice) 370 m3/day) is used for heating the reactor. The system 
y gasoline, but overseas engine tests indicate that the fuel Transport of ethanol ! Ht” A 
l Ld i requires electricity for large pumps etc. The gas produced 
consumption may be better than would be anticipated from the | to refinery contains asprékimately 65 û CH, . it ia weed ¿à decal Juil 
— w Abana hear : for process heat and for heating of buildings (i.e. local use). 
d - i: Energy Outputs 
ê Adi gasoline, giving rise to cold starting problems for the ustralia: = wepartment ot Nationa velopment and Energy, ethanol 
y Straight fuel. Cold starting does not appear to be a problem CAGA Centre, Akuna St., Canberra City, 2601, ACT. 2 
rl 
for blends of up to 20 $ ethanol. 2 
(4) Costs. The assessor provided confidence limits on some - 
and Ethanol-gasoline mixtures tend to separate into two layers at | | | items in Table 4.12 as follows: ۴ š 3 a p| @ 
C low temperatures and in the presence of moisture (phase RA و۳‎ sne capacity Waar corresponds D ^ 2 p 8 3 ^ bs H Ó 7 
۱ š ' 1 i . O H N 22 U 2 n 0 0 = WH 
'e separation), but water tolerance is higher than for methanol- w nappa I s 6 — " Unit Median 10 $ Probability of Being- a 8 2 35 s E ug 2 - Ó K 
gasoline blends. As in the case of methanol, the addition of ip v EE E T HJ 5 Lis wap E Value Less Than Greater Than > : Ò g S D E 43 n ó E 3 
ethanol to gasoline increases the vapour pressure, but the ve (onum. ° wos we ww qe. E a a > ES d E Hc 3 E Ë : 
| | ° Ref. 4. ° j lon ' i 
ute effect is less pronounced, and at least for 10 % blends the MH š@ Sree TIS TE; 4,29). Ya Total Capital 30.2 š à & م‎ | Š = ó5| ë 3 > 3 
i ۳ values have been left in GCV form because of | 
t, effect on vapour lock is negligible. . Cost GJ/a GJ % % $/GJ/a| $/GJ/a| S/GJ| y 
difficulties in recalculating into NCV form the I 
| | ener inputs which include growin harvestin —— — — — 1 wm wa 
A characterization was received from Australia (Table 4.12) ۱ Jy E 9 w° 9 ; Variable O&M 
le describing the production of ethanol from sugar cane juice and Gane tçansport osqpsnonts. Cost Including 
using conventional (1981) technology. It is proposed that | | | Sugar-cane Cost 
it ۱ crushed cane stalks (bagasse) would be used as the 5 First CORRES ISAE, we pen Gss 19 Variable O&M 
only a proposal and no definite dates can be I 
fuel. | Not Including | — 
assigned, but the earliest possible date would = 
Sugar-cane Cost E Denmark: - Christensen, C.J., Riso, Roskilde 
be 1986. 
sond Median value of sugar cane feedstock cost assumed was 7 


tonne. 
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Notes: 





(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


Design Capacity. Measurements over only 6 months indicate 





a production of 295 - 370 m3/day of biogas. Design capacity 
has been calculated from measured maximum daily production 
of 370 m3/day less 100 m3/day internal use. The biogas is 
approximately 65 % methane (with NCV of 36 MJ/m3) and the 
remaining 35 % is mostly CO» ۰ 


First Commercial Year. The assessor has entered the first 





year of regular operation of the experimental system under 
this heading, but has stated that the system is definitely 


not yet commercial. 


Maximum Annual Energy Output. 2 300 GJ/a x o.q (avail- 
ability factor) = 2 070 GJ/a 





Overall Efficiency (Full Load). Input is delivered from 





feedstock of 100 dairy cows and 600 pigs producing 15 m3/day 


wet manure plus 840 - 1080 kg/day dry organic material (straw). 


Very little data is available for converting this into 
energy input. There is also an electricity input of 

160 GJ/a. An efficiency of 40 $ claimed for the process is 
based on gross output. An efficiency based on net output 


is given by 


270 m3/day net output 





370 m3/day gross output x 0.40 = 0.29 


Total Capital Cost. 545 x 103 Dkr $ 96.8 x 3 
for a net output of 2 300 GJ/a gives $ 42/GJ/a. 





Operating and Maintenance Costs. These are for 1/8 man/a 
( ^ 20 kDkr/a) and materials ( — 4 kDkr/a) giving 24 kDkr/a 
= $ 4.26 x 103/a for a nett output of 2 300 GJ/a resulting 

in an annual fixed O&M cost of $ 1.85/GJ/a. 
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4.13 Crude Oil Refining 





The well established technology of crude oil refining is des- 


cribed below with extracts from Ref. 4.1. 


A petroleum refinery is a combination of processes and opera- 


tions designed to convert crude oil into various products. 


Crude may be a mixture of more than a thousand different hydro- 


carbons, together with trace quantities of such compounds as 
sulphur and nitrogen. The crude is first separated by distilla- 
tion into fractions selected on the basis of boiling points; 

the relative volume of each fraction is determined by the type 


of crude used. 


Since the relative volume of each fraction produced by merely 
separating the crude may not conform to the relative market 

demand for each fraction, some of the separation products are 
converted into products having a greater demand by splitting, 


uniting, or rearranging the original molecules. 


The processes used in a refinery to accomplish the above con- 
versions include distillation, sulphur removal, cracking, and 
reforming. Each refinery design is a unique combination of 


types and capacities of these processes. 


As capital intensive cracking and reforming capacity is 0 
to the basic distillation processes of the simplest "low con- 
version" or "hydro skimmer" type of refinery, it graduates into 
the class of "medium conversion" and eventually "high conver- 


sion" refineries. 


Figure 4.7 gives a schematic of the process configuration for a 


typical medium to high conversion refinery. 
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The feedstock for a refinery is crude oil, but there is a 
limited range of crudes that a particular refinery can process 
efficiently. The important feedstock characteristics are 
density (API gravity), sulphur content, and the quantities of 
Other impurities such as nitrogen and salts. If an appropriate 
feedstock is not available from a single source, different 
crudes are blended to obtain the desired characteristics. In 
addition to crude oil, feedstock can include natural gas 
liquids or synthetic crude (syncrude) rrom oil shale or coal 
liquefaction. Syncrude usually requires pre-treatment (which 
can add significant costs) before submission to a conventional 


refinery. 


The principal products of refineries are gasoline, jet fuels, 
kerosene, diesel and fuel oils. Lubricants, waxes and sol- 
vents, petrochemical feedstocks, LPG and asphalt are also 
produced. The proportions of the principal products vary with 
the feedstock, refinery design, and time of year. For example, 
rerineries may emphasise gasoline production in summer and 


heating oil production in winter. 


In section 4.13.1 a summary is given of characterizations 
received describing complete oil refineries and in section 
4.13.2 characterizations of individual refinery units are 


discussed, 


4.13.1 Complete Oil Refineries - Characterization Summary 
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Figure 4.7: Typical Medium/High Conversion Refinery 





Two characterizations were received from Japan describing 
complete oil refineries. One corresponds te the "average" 
plant producing a yield of oil products in the fractions 
characteristic for the country as a whole in 1980. The other 
is for an upgrading refinery converting atmospheric distillate 
residuals, liquefied coal, oil-sand bitumen or shale oil 
product to high grade oil products. These characterizations 


are summarized in Table 4.12. 


TABLE 4.14 - Complete Oil Refineries - Characterization Summary 





(Average Load) 
Fixed O&M Cost 


Overall Efficiency 
Variable O&M 


Design Capacity 
First Commercial 
Service Year 
Total Capital 


Energy Output 
Capacity Factor 
Maximum Annual 


Maximum Annual 





æ Availability 


$/GJ/a | $/GJ/a 


۸: 
C4 
- 
ge 


Unit PJ/a 


> Economic Lifetime 





0.179 


O 
o 
O 
Ln 
O 
N 


— 290 lexist- 
"Standard" 1980 Plant 


N 
O 





Japan 5 88 2.39 0.224| 7 
Upgrading Refinery 
































(2) 





Standard 1980 Ref 





The refinery des 
an average of th 
1980. As there 

depending on var 
system component 
include in an en 
average represen 
Yields of oil pr 
refinery statist 


fractions of oil 











Assessors 





Japan:- Koyama, S., Kashihara, T., and Endo, E., 
Electrotechnical Laboratory, Sakura-Mura, Ibaraki 





All energy quantities are based on NCV of fuels. 
Design capacities and all specific costs are 
expressed in terms of energy outputs of plants. 





Input Crude Oil 
LPG 
Gasoline 
Naphtha 
Output Jet Fuel 
Kerosene 


Light Distillate 


Heavy Distillate 





TOTAL 





For individual p 
values given abo 
correspondingly 
total output fra 
Input (1.000) - 
fuel 


Fixed O&M costs 


Tax (fixed asset 


Repair, labour, 
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inery - Japan 





cribed in this characterization is 
e refineries existing in Japan in 
exist many types of refineries 

ious crude oils and combinations of 
s, which are very difficult to 

ergy system model in detail, an 
tative system was characterized. 


oducts were calculated from oil 


ics. These are expressed as decimal 


input energy (NCV basis) below. 


Median Value 


Upper Value 





Variable O&M costs are broken down as follows: 


Non-Energy Material Consumption 


Waste Disposal 


Part of Miscellaneous Tax 


$/GJ 
0.0052 


0.0011 
0.1391 





0.1454 


For individual product outputs to reach the upper 


values given above, outputs of other products are 
correspondingly reduced to be consistent with a 
total output fraction of 0.881. 
Input (1.000) - output (0.881) = 0.119 = refinery 
use 
of fuel + 
losses 


(3) Upgrading Oil Refinery - Japan 





Input 


The system is used for upgrading heavy quality oil 

or liquid fuel to higher grade oil products. Main 
processes are based on thermal cracking and gasifica- 
tion. Input fuels are atmospheric distillate resi- 
duals, liquified coal product, oil-sand bitumen and 


shale oil. 


Yields of oil products are expressed as decimal 
fractions of liquid fuel input energy (NCV basis) on 


the next page. 


Median Value Upper Value 
Heavy Quality Liquid Fuel 1.000 1.000 








1.000 1.000 

0.022 0.026 

0.137 0.156 

0.082 0.092 

0.019 0.038 

0.095 0.114 

Oil 0.186 0.215 

Oil 0.379 0.421 
0.920 





roduct outputs to reach the upper 
ve, outputs of other products are 
reduced to be consistent with a 
ction of 0.92. 

Output ,0.920)--» refinery use of 


+ losses = 0.08 


are broken down as follows: 





$/GJ/a 
tax and miscellaneous) 0.049 
insurance and other 0.130 

0.179 
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Fixed O&M Costs are broken down as follows: 


Tax (fixed asset tax and miscellaneous) 


Repair, labour, insurance and other 


$/GJ/a 


0.049 


0.174 





0.224 


Variable O&M costs are broken down as follows: 


Non-Energy material consumption 
Waste disposal 


Part of miscellaneous tax 


$/GJ 


0.040 
0.011 


0.146 





0.197 


Gas 
LPG 


0.109 
0.028 


0.139 
0.035 





Gasoline 
Naphtha 


0.060 


0.120 





Jet Fuel 


Kerosene 


0.089 


0.134 





Light Distillate Oil 
Heavy Distillate Oil 
Coke 


0.120 
0.455 
0.020 


0.147 
0.545 
0.030 





TOTAL 


0.881 


4.13.2 Oil Refinery Subprocesses - Vacuum Distillation 





and Catalytic Crackinq 





The well established oil refinery processes of vacuum distilla- 
tion and catalytic cracking are desc-ibed below with extracts 
derived from Ref. 4.1 and the Australian characterizations. 


Distillation is a process of progressively heating crude oil in 








a column and drawing off various components at their different 


boiling points. The very light hydrocarbons, such as gasoline, 
boil at less than 120 °C, while the boiling points of the heavy 


or residual fuel oils are more than 480 °C. Distillation in a 


refinery first occurs in an atmospheric pressure distillation 


tower. The lower boiling point (lighter) fractions move up the 


tower before condensing out. The heavy residual fractions 


(variously described as topped crude, long residues or atmos- 
pheric distillation bottoms) leaving the atmospheric column are 
processed in a vacuum distillation column to separate very high 
boiling point components. The lower end of the boiling range 
of the residual feedstock to the vacuum column is dependent on 
both crude type and refinery design, but a reasonable value is 
385 "C. 


Two main output streams come from the vacuum distillation unit; 
one is a stream suitable for input to a catalytic cracker 
(vacuum gas oil or cracker feedstock); the other is a heavv 
residue (vacuum bottoms, short residue) which is used mostly 
for non-energy processes, including manufacture of asphalts and 


lubricating oils. 


The relative proportions of the two streams depends on the pro- 
perties of the crude oil from which the topped crude is 
derived. The proportions of vacuum gas oil may be as low as 

40 $ (by weight) for a heavy crude (e.g. Arab Heavy), while for 
a very light crude (e.g. Attaka), virtually 100 % of the topped 


crude may be regarded as gas oil. 


Cracking is a process of breaking up large molecules in the 





cracker feedstock to form smaller molecules with higher energy 
content. Two kinds of cracking processes, catalytic cracking 
and hydrocracking, are presently used in modern refineries, 


having replaced thermal cracking processes used earlier. 


Catalytic cracking (cat cracking) accounts for the vast 
majority of cracking processes in use today. Cracking cata- 
lysts are zeolites, synthetic formulations of alumina in 
silica. Modern cat crackers use fluidized beds of catalyst. 
Cat cracking catalysts rapidly become fouled with carbon and 
must be frequently regenerated; thus, regenerators are included 
as an integral part of the cat cracking reactor. The regene- 
rator burns the carbon with air to form carbon monoxide, which 


is then used for refinery process heat. As with other refinery 


processes, the cracked hydrocarbons are separated in a distilla- 


tion column. 
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Hydrocracking carries out the cracking reactions under high 


pressures (2000 to 2500 psi) and temperatures (about 430 °C) ir 


the presence of hydrogen and a catalyst in fixed-bed reactors. 


Because of the high pressures and temperatures, and the 


hydrogen requirement, hydrocracking equipment is relatively 


expensive. However, hydrocracking should become more ccmpeti- 


tive in the future because it generates higher octane products 


and does not leave a carbon residue. 


4.13.3 Oil Refinery Subprocesses - Characterization Summary 





Australia provided characterizations of two refinery subpro- 


cesses; vacuum distillation and catalytic cracking. 


summarized in Table 4.15. 


These are 


TABLE 4.15 - Oil Refinery Subprocesses - Characterization Summa 
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(Vacuum 73 | in S 0 0.0 
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Australia:- Bath, P.T., AAEC Research Establishment, 


Private Mailbag, Sutherland, N.S.W., 
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Notes: 
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(1) Assessor used GCV of fuels in calculating energy values. 
(For this report energy quantities were converted to a NCV 
basis using a NCV/GCV ratio of 0.95 for all refinery input 
and output fuels). 


(2) Vacuum Distillation 





Design capacity corresponds to a unit of 32600 BPSD 
representing the average size of units in the 6 largest 
refineries in Australia in 1978 (Ref. 4.20). Feasible 
plant size range is quoted as 10 000 - 120 000 BPSD 

in Reference 4.21. Reference 4.22 states that the 


largest current plant design is 130 000 BPSD. 


Energy inputs per year at full load are 


PJ 
Topped crude 73.15 


Refinery fuel 2.18 


Electricity 0.01 
75.34 





Energy content of topped crude has been taken as 
41.63 GJ/te (NCV), equal to 95 % of the GCV figure 
quoted for fuel oil in Reference 4.23. Density is 


0.929 kg/l. 


Energy outputs per year at full load are in the 


ranges 
PJ 
Vacuum gas oil 43.7 - 65.5 


Vacuum bottoms 29.4 - 7.6 
73.1 





Energy content and density of both output streams 
are assumed to be the same as topped crude. 


Maximum annual availability of 90 % is the standard 


industry value (Ref. 4.24). 


The capacity factor is taken to be equal to maximum 
availability but may vary downwards. In Australia, 
the historical value is about 80 %, probably now 85 


% (Ref. 4.24). 


All costs were originally in $ A (1978). Multiplica- 


tion by 1.372 gave $ U.S. (1980). Refining plant 
costs in Australia in 1978 were 40 % higher than 
U.S. costs. Note that refining plant costs are 
subject to increasing returns to scale. 


Capital and operating costs are based on Ref. 4.25. 


Economic lifetime is from Ref. 4.21. 


(3) Catalytic Cracking 





Design capacity corresponds to a unit of 28 700 BPSD 
representing the average size of units in the 6 largest 
refineries in Australia (Ref. 4.20). Feasible plant 


size range is quoted at 2 000 - 100 000 BPSD in 
Ref. 4.21. Reference 4.22 states that plant up to 
200 000 BPSD are currently planned. 


Energy inputs per year at full load are 
PJ 
Cracker feedstock 64 


Electricity 0.23 


Cracker feedstock usually includes straight run and 
vacuum gas oils with boiling temperatures above 

210 °C. The energy content (NCV) of the feedstock 

has been taken as 43.31 GJ/te; i.e. 95 $ of the GCV 


value in Ref. 4.34 for'industrial diesel oil. 
Density taken as 0.847 kg/l. 


Refinery fuel input of 5.5 $ of the energy content of 
the input stream is required. It is assumed that 
this is met from combustion of refinery gases pro- 
duced as byproducts of the cracking process, so that 
no net fuel input occurs. 


Electricity input calculated from 6 kWh/bbl feed 
(Ref. 4.21). 

It is assumed that all light gas output is used as 
process fuel. 


Energy outputs per year at full load are in the 


ranges 
PJ 

Gasoline 26.6 — 39.9 

Light distillate 16.6 - 6.6 


Heavy distillate 7.6 = 4.3 
50.8 





Gasoline here covers Cg+ and also includes butanes 


used as alkylation feedstocks. Light distillate may 
be regarded as approximately equivalent to aue diesel 


oil and heavy distillate as fuel oil. 


The following NCV values are assumed (95 % of GCV 


values in Ref. 4.23) 

GJ/te 
Gasoline 44.78 
Light distillate 43.50 


Heavy distillate 43.31 


Energy outputs have been calculated by estimating 
weight fractions of output streams and converting to 


energy terms using the NCVs above. The proportions 
of end-products are determined by the operating 


conditions and by the nature of the crude from which 
the feedstock is derived. The following breakdown 


covers the range 


Low Conversion High Conversion 
(weight 9) (weight ۱ 








Gasoline 42 63 
Light distillate 27 11 


Heavy distillate 13 7 


Comments above on maximum annual availability, 
capacity factor, costs and lifetime of vacuum distil- 
lation apply equally to the catalytic cracker charac- 


terization. 
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5. RENEWABLE CONVERSION 


5.1 Renewable Energy Sources 





Classifying the four basic energy sources available on earth 
can be made either according to the energy carriers or accord- 
ing to the physical origin of the energy sources. A classi- 


fication based on the physical origin is summarized below:- 


l. Radiation Energy of the Sun 
Direct Use 
- solar energy 
Indirect Use (energy carriers: water, air, fossil fuel) 


- chemical binding energy in fossil fuels 
- kinetic wave energy of the oceans 
- kinetic current eneray of the oceans 
ocean thermal gradient 
chemical binding energy in fossil fuels 


potential energy of the ater 


Nuclear Binding Energy 


nuclear fission‏ س 


- nuclear fusion. 


Geothermal Energy 


- convective heat transport (energy carriers: water) 


- heat conduction (energy carriers: rock). 


4. Tidal Energy 


An estimate of the theoretical potential of those energy sour- 


ces which are not used commercially gives the following results: 


Radiation energy of the sun: appr. 3.6 x 1024 J/a 


Nuclear fusion: appr. 7 x 1030 J (deuterium 


and lithium) 


Geothermal energy: 


- energy carrier water: 16 x 1021 J 


- energy carrier rock: 12.5 x 102? J 


oi? J/a 


Tidal energy: 9x 1 
Energy sources are called "renewable" if they are inexhaustible 
within human measures of time. This implies that except for 
the fossil and nuclear fuels and strictly speaking also the 
geothermal heat sources, all other energy sources quoted in the 
summary above are renewable sources. In this chapter the 
technological concepts using "renewable energy carriers" will 
be discussed and, where practical experience has been gained, 
technical and economical assessments are presented. The 
different "geothermal technologies" will be treated likewise, 
as they are considered as one of the important alternative 


options to replace fossil fuels in the energy production. 


5.2 Wind Energy Conversion Systems 





5.2.1 Introduction 





Approximately 2 $ the insolation on earth is converted to 
kinetic energy in the atmosphere. Port of this kinetic energy 
(approximately 3 $ or 3.6 x 1021 J/a) theoretically could be 
used in wind energy conversion systems, assuming a 10 $ in- 
crease in friction with the earth's surface caused by the wind 


machines. 


Wind conversion systems have been used for several centuries. 
To perform mechanical work in pumping water or milling grain. 
The main feature of all these systems was that the mechanical 
energy was consumed directly at the place where it was gene- 


rated. 
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; fuels, especially in the last 
research into wind energy conversion 
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limited range. Further improvement 
a synchronous generator, an asyn- 

, The slip-ring rotor of such an 
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quency which compensates for the 

)r rotation frequency and required 
This fairly sophisticated method 

an GROWIAN system. 


Despite the technical methods described above, the essential 
difficulty of wind electricity generation remains unsolved. The 
electricity generation in a wind energy conversion system is 
essentially determined by the availability of the wind. Product- 
ion is impossible at too low or too high wind velocities. If 
production is possible, the potential output of a wind machine 
is always a function of the available wind velocity. Therefore 
wind energy conversion systems for electricity production 
necessarily have to be backed up with storage or with con- 
ventional fossil systems as a stand-by reserve, in order to 
meet the peak load on the grid. Large compound grids normally 
have a certain reserve capability which allows the installation 
of a limited number of wind machines without back-up systems. 
Further implementation of wind energy conversion systems for 
electricity production, however, will depend on further deve- 


lopments in the storage technologies. 


In the main, two fundamentally different designs of wind 
machines can be distinguished, the horizontal-axis and the 
vertical-axis concept. In larger wind energy conversion systems 
horizontal-axis wind turbines have prevailed. They are general- 
ly more efficient than vertical-axis turbines, where the rotor 
speed cannot exceed the wind speed. The advantages of vertical- 
axis turbines on the other hand consist in the fact that they 
are easier and less expensive to build. One major reason for 
this is that vertical-axis machines operate equally well 
regardless of the direction of the wind and a control system is 
not required. This is required in horizontal-axis machines so 
as to sense changes in wind direction and adjust the wind 


turbine platform accordingly. 


5.2.2 Central Wind Energy Conversion Systems 





- Characterization Summary 





In the last decade, research and development on central elec- 


tricity generating wind machines has been intensified in most 


of the countries participating in the IEA Energy Technology 
Systems Analyis Project. The major objective of these projects 
was the demonstration of the technical feasibility of wind 
electricity generation not only in large central units but also 
in small, autonomous units. The problems which had to be 
solved in these feasibility studies have already been discussed 
in section 5.2.1. The following list gives a summary and a 
short description of a number of projects demonstrating the 
wind electricity generation in large central units (country 
name in brackets): 


(1) Nibe-A, Central Wind Turbine (Denmark) 
The Nibe-A wind turbine drives a 630 kW induction generator 
which is coupled to the utility grid. 


Turbine characteristics: 


horizontal-axis machine 

3-۳0 12060 upwind rotor, staged construction 
cut-in wind speed: 6.5 m/s 

cut-out wind speed: 25 m/s 

full power regime: 14-25 m/s (550-630 kW) 

hub height: 45 m 

electric induction generator: 630 kW 3 x 6 kV 


GROWIAN I, 3 MW Wind Turbine (Germany) 


The system feeds directly into the grid, no storage. 
Turbine characteristics: 


horizontal-axis machine 

2-bladed rotor with self-adjusting hub 
stay mast 

rotor diameter: 100.4 m 


rotor area: 78.54 m? 


nominal rotor speed: 18.5 rpm + 15 $ 

hub height: 100 m 

cut-in wind speed 6.3 m/s 

cut-out wind speed 24 m/s 

full power regime: 11.8 - 24 m/s 

asyncronous AC generator, externally fed slip-ring 
for frequency control 


Central 100 kW Wind Turbine (Japan) 
The system feeds directly into the grid. 


Turbine characteristics: 


horizontal-axis machine 
2-bladed upwind rotor 
rotor diameter: 25 m 
rotor axis angle: 7 ° 
rated rotor speed: 70 rpm 
hub height: 30 m 

cut-in wind speed: 5 m/s 
rated wind speed: 10 m/s 
cut-out wind speed: 17 m/s 


syncronous AC generator 


3 MW Wind Turbine (Norway) 
(Assessment based on the Swedish WTS-3 system) 


Turbine characteristics: 


horizontal-axis machine 

rotor diameter: 78 m 

hub height: 80 m 

rotor speed: 25 rpm 
synchronous AC generator 3 MW 
cut-in wind speed: 5 m/s 
cut-out wind speed: 21 m/s 


rated wind speed: 14.2 m/s 


2.5 MW Wind Turbine (Sweden) 
The system is directly coupled to the grid. No storage 
system. 


Turbine characteristics: 


- horizontal-axis machine 
- 2-bladed rotor 


- assumed average wind speed at hub height: 7 - 7.5 m/s 


Further details are not specified. 
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(6) Central 3 MW Wind Turbine (United Kingdom) 
Onshore wind electricity generation. 


Turbine characteristics: 


- horizontal-axis machine 
- 2-bladed rotor 
- rotor diameter 60 m 


Further details are not specified. 


(7) Central 100 MW Wind Turbine (Spain) 
(Tarifa-1l-System) 
The system is directly feeding into the grid. No storage. 


Turbine characteristics: 


- horizontal-axis machine 

- 3-bladed downwind rotor 

- rotor diameter: 20 m 

- rotor speed: 48 rpm 

- cut-in wind speed: 6 m/s 

- cut-out wind speed: 22 m/s 

- full power regime: 12 - 22 m/s 


- 100 kW synchronous AC generator 


Table 5.1 summarizes the technical and economic key data of the 
wind energy conversion systems described above. It should, 
however, clearly be noted that the given set of data is incon- 
sistent in the sense that some characterizations (Tarifa-1-Sys- 
tem, Japanese 100 kW-machine) present technical and economic 
figures derived from the experience with demonstration plants 
while other characterizations (GROWIAN, WTS-3, Nibe-A) assess 
the future technical and, first of all, economic potential of 
Wind energy conversion systems. A detailed explanation is 
given in the notes to table 5.1. 
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)4( Total Capital Cost 


(3) TABLE 5.2 Uncertainty Ranges 





TABLE 5.1 - Technical and Economic Key Data of 





Norway:- Nitteberg, J., Institutt for Energiteknikk, 
N-2007 Kjeller 





Large Wind Energy Conversion Systems 





Median |10 ٩ Probability of Being In two characterizations, 100 kW-Windmill (Japan), Tarifa-1 


Country Item Value Less Than Greater Than |Unit 
Denmark Maximum Annual 4.4 TJe 





(Spain)) the total capital costs for the installation of 





Sweden:- Leman, G., Energy R&D Commission, Stockholm the demonstration plant are given, while in the other cha- 


(Nibe-A)| Energy Output racterizations an estimate of the potential target cost is 


United Kingdom:- Ward, A.V., ETSU, Harwell 


year-to-year variabi- TJe tried, assuming a series production of the wind machines 


lity (average site) (in the Norwegian and German characterization: appr. 100 


Spain:- Centro de Estudios de la Energia, Agustin de Foxa, 
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Assessors 





Denmark:- Christensen, C.J., Risø, 


Roskilde 


Germany:- Müller, M., KFA/STE, Postbox 1913, D-5170 Jülich 


Japan:- Koyama, S., Kashihara, T., Endo, 


Laboratory, 


Sakura-Mura, 


Ibaraki 


E., 


Electrotechnical 


(1) Design Capacity 





The design capacity given in the summary table is the 
nominal capacity of the generators installed in the wind 


energy conversion systems. 


Capacity Factor 





In the characterizations it has been assumed that the wind 
energy conversion systems are operating as base load 
plants. This means that all the output from the wind 
electricity generation is absorbed by the grid. 


The wide range, over which the capacity factors in the 
summary table vary, indicates that the production of a wind 
power plant essentially depends on the sitespecific wind 
conditions. In most of the characterizations an attempt 
has been made to estimate the capacity factor, averaging 
over all site locations suited for the installation of a 
wind machine of the given size. The uncertainty in these 
estimates, taking into account the site-dependent varia- 
tions of the wind conditions, however, is so large that 
capacity factors of 33 or even more per cent seem possible 
at ideal wind conditions. 


- site variability 
(average year) 
Maximum Annual 
Availability 
Overall Efficiency 
Total Capital Cost 
Fixed O&M Cost 


Economic Lifetime 





Germany 
( GROWIAN 
I) 


Capacity Factor 
Maximum Annual 
Availability 
Overall Efficiency 
Total Capital Cost 
Fixed O&M Cost 


Economic Lifetime 





Capacity Factor 
Maximum Annual 
Availability 
Overall Efficiency 
Total Capital Cost 
Fixed O&M Cost 


Economic Lifetime 


windmills). 


Operating and Maintenance Cost 





The variable O&M costs of 0.67 57) in the American 
characterization correspond to 12 $/ kW, fixed O&M costs, if 


one assumes the system to operate with a capacity factor of 
53 5 


The large operating and maintenance costs in the Japanese 
characterization (135 $/kW) result from the expenses for 
the administrative infrastructure of the utility 
(overheads), operating the wind machine, and from the 
labour costs which have been fully charged to the O&M cost 
of the fairly small (100 kW) system. 


5.2.3 Local Wind Energy Conversion Systems 





- Characterization Summary 








Capacity Factor 
Total Capital Cost 
Fixed O&M Cost 





United 
Kingdom 





Capacity Factor 
Total Capital Cost 
Variable O&M Cost 
Economic Lifetime 














Many experts consider small local wind turbines for electricity 
generation as the more promising way for utilizing the wind 
energy, as a number of difficulties with electricity generation 
in large units can be solved more easily in small systems. 
First of all the quality requirements of the generated elect- 
ricity (voltage, frequency, power) are not so stringent as in a 
central generation plant, especially not if the utility grid is 
used as a buffer. Secondly, the back-up problem does not occur 


So drastically in small generation units, as the utility grid 
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TABLE 5.3 - Technical and Economic Key Data of Small, 


can serve as a backing system. Additionally, there are a Grid Connected Wind Energy Conversion Systems 
number of simple and cheap storage possibilities (especially | 








heat storages), if the wind machine is not exclusively operated 
as a generator substituting electricity from the grid, but also 
as primary fuel "saver", e.g. in the residential heating 


system. 


In the following such a small wind turbine is described, which 


is coupled to the utility grid (country name in brackets): 


Design Capacity 
First Commercial 
Service Year 
Maximum Annua! 
Energy Output 
Capacity Factor 
Maximum Annual 
Availability 
Overall Efficiency 
(Average Load) 
Total 
Capital Cost 
Fixed 
O&M Cost 
Economic Lifetime 


55-kW Wind Energy Conversion System (Denmark) 





The wind machine is coupled to the utility grid. 
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heating system, in order to allow the user to utilize the | | Denmark 
largest possible fraction of the electricity produced by | 


the wind turbine. 


Assessors 





Turbine characteristics: 


Denmark:- Christensen, C.J. Risg, Roskilde 
- horizontal-axis machine 


- 3-bladed upwind rotor Notes: 


- stall-regulated (1) TABLE 5.4 Uncertainty Ranges 





- rotor diameter: 15 m 


. Item Median | 10 $ Probability of Being 
- hub height: 19 m 





۱ Value Less Than Greater Than 
- cut-in wind speed: 4.5 m/s d I Maximum Annual 363 





- full power regime: from 11.8 m/s upwards Energy Output 


N 
-year-to-year variabi- 


- 55 kW electric induction generation, 3 x 380 V lity (average site) 


- directly (no transformer) coupled to the grid. x -site variability 
= (average year) 
Maximum Annual 
Availability 
Overall Efficiency 
Total Capital Cost 
Fixed O&M Cost 
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As indicated above, small wind electricity generators feeding a 
resistance heater in the central heating system can serve as 
primary fuel “saver" in the residential useful energy produc- 
tion. if the windmill is exclusively operated in such a way, a 
60۱۳۵11۳8 to the utility grid is superfluous. This essentially 
facilitates the design of the wind turbine, as a frequency 


Stable output (grid frequency) is not required any longer. 


The rotor thus is allowed to run at a variable speed. The 
power can then simply be regulated by turning the rotor out of 
the wind. In Table 5.3 the key data of such a windmill, 
characterized by the Danish project participant are listed. 


The main turbine characteristics of the wind turbine are: 


horizcntal-axis, multi-vane mill 

16 vanes 

rotor diameter 6.3 m 

hub height: 13.5 m 

runs at all speeds 

wind speed, at which the power generation starts: 3 m/s 
full power regime: from 14.5 m/s wind speed upwards 


3-phase electric synchronous generator, 10 kW. 


TABLE 5.5 - Technical and Economic Key Data of the 
Danish Multi-Vane Windmill 








pacity 


Fixed 


Overall Efficiency 
O&M Cost 


First Commercial 
(Average Load) 


Design Ca 
Service Year 
Maximum Annual 
Energy Output 
Capacity Factor 
Maximum Annual 
Availability 
Capital Cost 
Variable 


O&M Cost 


Economic Lifetime 


Notes: 





(1) The multi-vane windmill is commercially available. The 
higher capital costs, compared to the grid-coupled 55 kW 
windmill characterized in table 5.2, result from the 


different scales of the systems. 


(2) TABLE 5.6 Uncertainty Ranges 





Item Median | 10 $ Probability of Being 
Value Less Than Greater Than 
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Annual Energy Output 34 
-year-to-year varia- 28 38 
bility (average site) 
-site variability 16 50 
(average year) 
Maximum Annual Avail- 72 87 
ability 
Capacity Factor 13 
Overall Efficiency 25 
Total Capital Cost 
Fixed O&M Cost 25 


Economic Lifetime 25 














5.3 Wave Energy Conversion Systems 





5.3.1 Introduction 





Figure 5.1 shows one of the possible concepts to utilize wave 
energy for electricity production, the so-called oscillating 
Water column system. The waves enter a chamber (1) through a 
gate (2) where their energy causes an up-and-down motion of the 
water-column. The upwards motion of the water-displaces the 


remaining air in the oscillating chamber. The air passes 


through a set of valves to drive an air (Wells) turbine (3). By 














































































































Figure 5.1: Oscillating Water Column 





- Wave Energy Conversion System 
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description of the chara: 
in brackets): 
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The complete power s! 
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participants. Two systems asses- 
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ystem utilizes a floating platform for 
ye energy. In the following a short 
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tation consists of 25 units (as 
ceding section), with a capacity of 


5 are arranged in a row 1-10 km off the 





Iscillating Water Column Power Plant 


- 236 - 





Technical details of the 8 MW-generation unit: 


width of the gate: 160 m 
height of the oscillation chamber: 30 m 
- air turbine rotor diameter: 8.4 m 


turbine rotor speed: 428 r.p.m. 


The energy content of the waves (in kW per m wave front) 
10 km off the Norwegian coast has been estimated as 


follows: 

kW/m 
Lista (Southern Norway) 24 
Bremanger (Western Norway) 38 


Lofoten (Northern Norway) 19 


The calculations have been carried out for the western 


Norwegian coast. 


2 GW-Oscillating Water Column Wave Power Plant 

(United Kingdom) 

The 2 GW-wave power plant consists of ten 200 MW-subsystems 
each constructed of 25 8 MW-oscillating water column units, 
as characterized by the Norwegian project participant. The 
technical details of each unit are the same as in the 


Norwegian case. 


1.5 MW-Wave Power Plant (Japan) 

The wave electricity generation system consists of a 
floating platform, which is moored offshore towards the 
direction of the waves. Further descriptive information is 


not available at present. 


TABLE 5.7 Technical and Economic Key Data of Wave 





Energy Conversion Systems 





Overall Efficiency 


Design Capacity 
First Commercial 
(Average Load) 


Service Year 
Maximum Annual 
Energy Output 
Capacity Factor 
Maximum Annual 
Availability 
Total 

Capital Cost 


O&M Cost 


Economic Lifetime 


Construction: 

Transportation: 

Engineering, geological survey: 
Owner's cost: 


Interest during construction: 


1250 
25 
300 
125 
330 


$/kW 
$/ kW 
$/ kW 
$/kW 
$/kW 
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Assessors 





Norway:- Ormhaug, T., Institute for Energy Technology, 
N-2007 Kjeller 


United Kingdom:- Ward, A.V., ETSU, Harwell 


Japan:- Ohno, K., Japan Marine Science and Technology Center, 


Yokosuka, Kanagawa 


Notes: 


(1) Total Capital Cost 





The capital cost for the Norwegian wave power plant 
can be broken down as follows: 


TOTAL: 2030 $/kW. 


For the capital cost of the U.K. system, which is 
technically the same as the Norwegian wave energy 


conversion system, the following breakdown has been given: 


Structural cost: 2760 S/ kW, 
M&E plant: 690 5/ kW, 
Power take-off: 50 o/ kW, 
Site preparation, towage 

and enhancement operations: $/kWe 


TOTAL: $/kW. 





Fixed Operating & Maintenance Cost 





The fixed operating & maintenance costs of the Japanese 


wave energy conversion system cover the following expenses: 


Interest: 65.7 S/kW, 


Labour, repairs: 52.7 S/kW 


e 
laneous costs (overheads) 32.7 $/KWe 


TOTAL: 171.1 $/kW, 
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(3) TABLE 5.8 _ Uncertainty Ranges 
Country Item Median 10 % Probability of Beir 
Value Less Than Greater The 
Norway First Commercial | 1995 1990 2000 
Service Year 
Maximum Annual 26 15 45 
Availability 
Capacity Factor 95 93 98 
Overall Effi- 14 8 24 
ciency 
Total Capital 2030 1625 2650 
Cost 














In the other characterizations uncertainty ranges for the dat 
entries were nct specified. 


5.4 Tidal Energy Conversion Systems 





5.4.1 Introduction 





The principle of a tidal energy conversion system is simple. 
Suitable bay with a sufficient tidal lift can be isolated fro 
the sea by a barrage. On the incoming tide, the bay is fille 
through a number of open sluices in the barrage which are 
closed again when the highest water level is reached. As the 
tide recedes, a height difference develops between the barrag 
and the stored volume of water behind the barrage and the lev 
of the sea. The stored water is then released through turbin 
thereby converting the potential energy of the stored water t 
mechanical, and finally to electric energy. 
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This "one-way" operation of the wave energy conversion system 


thus only allows electricity generation when the stored water 


is released to the sea (Fig. 5.3: 


of the energy production (appr. 20 3) can be achieved if the 
barrage is equipped with reversible turbines, which also 
5.33 B ). 


A). 


operate when the bay is filling (Fig. 


Figure 5.3 shows the principle of the two possible modes of 


operation. 
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Figure 5.3: Modes of Operation of a Tidal 





Energy Conversion System 


5.4.2 Characterization Summary 





For this report a characterization of a tidal power plant in 
the Severn estuary (U.K., see fig. 5.4) has been provided by 
the British project participant. 
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Figure 5.4: Map of the Severn Estuary District (U.K.) 





The barrage between Lavernock Point and Brean Down isolates the 
Severn estuary from the sea. It is equipped with 160 45 MW 
turbogenerators (rotor diameter: 9 m) and 150 sluice equiva- 
lents (12 m? aperture). The system is designed as a one-way 


electricity generation system (see fig. 5.3: A ). 


TABLE 5.9 - Technical and Economic Key Data of 





Severn Barrage Tidal Power Plant 





Design Capacity 
First Commercial 
Maximum Annual 
Energy Output 
Capacity Factor 
Maximum Annual 
Availability 
(Average Load) 
Total 
Capital Cost 
Fixed 
O&M Cost 
ariable 


Economic Lifetime 


Assessor 





Ward, A.V., ETSU, Harwell, England 


Notes: 





(1) TABLE 5.10 Uncertainty Ranges 





Median 10 $ Probability of Being 





Value Less Than Greater Than 








s? | Overall Efficiency 


we | V 
D | O&M Cost 
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se 
se 


Unit 
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United Kingdom 






































Total Capital Cost | 2378 1538 1809 
Fixed O&M Cost 112 10 12 














5.5 Hydro Energy Conversion Systems 





5.5.1 Introduction 





Basic components of conventional hydroelectric resource systems 
are an initial water source, a storage reservoir, a pipe 
transport system, and a turbine-generator complex, in which the 
potential energy of “1e stored water is converted to electric 
energy. An essential pre-requisite for hydroelectric genera- 
tion is an adequate quantity or flow rate of water together 
with a suitable elevation difference (also called "head") 
between the surface of the water storage and the outlet of the 
turbine discharge, which provides the necessary water pressure 
to drive the turbines. In some case: sufficient pressure may 
exist in a naturally flowing stream, but most often a "head" is 
obtained by building a barrage from which the water is then 


released via a pipe system. 
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Dams are normally built to achieve other objectives than 
maintaining an adequate elevation difference for hydroelectric 
generation, such as, providing significant water storage, flood 
control, recreational and water supply. Generally dams are 
classified as low or high, run-of-river or storage, and are of 


earth or concrete construction. 


Low dams range up to about 30 m in elevation and are normally 
located on rivers of relatively continuous flow, where they 
most frequently function as run-of-river facilities with the 
water running continuously through the turbines.  Run-of-river 
Systems in general provide electricity for base loads rather 


than for peak demands. 


High dams range from about 30 to 300 m in height. The water 
reservoirs isolated by these barrages are capable of storing 
large quantities of water. They are frequently located in 
mountainous regions where rivers have seasonal flows being 
dependent on snow run-off. The stored water there can be 
controlled to provide power during periods of peak electricity 


demand. 


An important technique based on the water storage concept, 
however, is the pumped storage. In a pumped storage system 
electricity from other power sources (e.g. a nuclear power 
plant) is used to pump water from a low basin into an upper 
Storage for subsequent hydroelectric generation during peak 
demand periods. The reason for using such a system is that 
electrical energy cannot be stored directly in large quantit- 
ies and so this indirect storage system is used. In a central 
electricity generation electricity must be generated when it is 
required. Since the demand for electricity varies over a wide 
range, this results in a discontinuous and expensive operation 
of the electricity system's power plants. Pumped storage 
Systems allow the stored energy to be released to the grid as 
peak electricity by hydroelectric generatior. The result is a 


more continuous and cheaper load management in the grid. 
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5.5.2 Characterization Summary 





Hydroelectric Power Plant (Japan) 


The assessors indicated that the characterization does not 


F h t five characterizations of hydro er plan à; v 
wo — — "liba a - ۳ — — P - describe a specific hydroelectric technology, but gives an 


have been provided. In the following a short description of k i ) ۱ 
P 9 " npa ue estimate for a hypothetic system which represents a stati- 


the characterized systems is given (country name in brackets): i 
Y 3 l Y ) stical average of a larger number of medium-size storage 


(except pump storage) and run-of-river power plants. 
(1) Run-Of-River Power Plant (Switzerland) 


The system described in the characterization is located in Í 
7 Pumped Storage Power Plant (Switzerland) 


the upper course of the river Rhine between Domat/Ems and 
pP w 7 Figure 5.6 shows the principle of a pumped storage 


Flasch (Switzerland). Figure 5.5 shows the principle of a 
operation. 


run-of-river electricity generation. 
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Figure 5.5: Principle of a Run-Of-River Hydroelectric 





Figure 5.5: Principle of a Pumped Storage Cperation 





Power Plant 


(2) Storage Hydro Power Plant (Switzerland) The pumped storage power plant, described for this report 


l tifici h I ۱ i 
Water stored behind an ar icial dam is released throug is installed in the Swiss Alps (Seebodenalp). 


turbines for electricity generation during periods of peak 
: ° : ۳۹ ° r ° 1 
demand The described system is located in the Alps nea Hydroelectric Power Plant: New Dams (U.S.A.). A detailed 


Illanz in Graubünden (Switzerland). system description is not available 
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TABLE 5.11: Technical and Economic Key Data of Hydro 





Energy Conversion Systems 





Overall Efficiency 


Design Capacity 
First Commercial 
(Average load) 


Service Year 
Maximum Annual 
Energy Output 
Capacity Factor 
Maximum Annual 
Availability 

Total 
Capital Cost 
O&M Cost 


O&M Cost 


Economic Lifetime 





Unit 


ea Variable 
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va Fixed 
2 
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Run-0f -R1 ver 
Switzerland 


OO 
> 





Hydro 


Switzerland 


Storage 


m» 
C» 





Japan 


um 








+ 
Pumped Storage| 
Switzerland 





U.S.A. 
































Assessors 





Switzerland:- Wochele, J., EIR, Würenlingen 


Japan:- Koyama, S., Kashihara, T., Endo, E., Electrotechnical 


Laboratory, Sakura-Mura, Ibaraki, Japan 


U.S.A.:- Bhagat, N., NCAES, Brookhaven National Laboratory 








Note: 


(1) Uncertainty ranges for the data entries were not specified, 


except for the Capital Cost of the American hydroelectric 


system where a range of 650 - 3000 S/kW, was given. 


5.6 Large Solar Energy Conversion Systems 





5.6.1 Introduction 





The sun radiates energy in a relatively narrow band of wave- 


lengths between 0.22 and 3.3 ym with a maximum intensity at 
about 0.5 ym (see Fig. 5.7). 


This spectral energy distribution corresponds to a "black body" 


at 6000 K. (A "black body fully" is one which fully absorbs 


radiation of this wavelength. 


At the outer limits of the earth's atmosphere, the solar 
radiation falling on a surface perpendicular to the sun's rays 
has an intensity of 1355 W/m?. This quantity, known as the 
solar constant, is reduced by an average of 54 per cent in the 


earth's atmosphere, where 35 per cent is reflected back into 


Space and 19 per cent is absorbed and then reradiated to space. 


The total amount of solar radiation intercepted at the surface 


of the earth thus is approximately 2.5 * 1024 J per year or 
roughly 18 000 times as much energy as is consumed in all 


man-made devices currently in use throughout the world. 





















































extraterrestrial 


terrestrial at sea level (sun at the zenith) 


Figure 5.7: Solar Radiation Spectrum 





At any qiven point on the earth the amount and intensity of 
solar radiation varies with season, latitude and atmospheric 
transparency. This implies several problems associated with 
the use cf solar energy. Because of the variability of solar 
radiation, either enerqy storaqe or backup power is needed to 
provide failure-free capacity at night or when the sun is 
obscured. A second major problem is the low intensity of solar 
radiation, which requires larqe land areas devoted to energy 


collection. 


In principle solar energy can be utilized in two different 
ways; either by thermal conversion or by the direct conversion 
to electrical energy in photovoltaic cells. The thermal con- 
version of the solar radiation may be divided into three cate- 


gories: 








- Low-temperature direc 
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2.6.2 Solar Farm Concept 





Figure 5.8 shows the pri 
The solar farm power ple 
through-type concentratc 
to about 500 °C. In a 1 
then delivers its energy 
a turbine in a thermodyr 
Systems for electricity 


12 to 15 per cent. 
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Figure 5.8: Principle of a Solar Farm Power Plant 





5.6.3 Solar Tower Concept 





The direct solar radiation incident on a field of heliostats 


(mirrors) is reflected to a central receiver (solar tower), 


where it is absorbed to generate temperatures 


The high temperature heat is transferred from 


up to 900 °C. 
the absorber to a 


working fluid (steam, air, helium, sodium, potassium, eutectic 


or salts), which drives a turbine for electricity production in 


a thermodynamic cycle (Rankine, Brayton, Combined Rankine/ 


Brayton). The principle is shown in Figure 5. 


For this report a solar tower plant, designed 
Alps, has been characterized. It consists of 
with a reflecting surface of 50 m? each. The 
radiation is collected in a central receiver, 
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for the Swiss 

10 000 heliostats 
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where steam is 


generated for driving a conventional steam turbine in a Rankine 


steam cycle. 
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Figure 5.9: Principle of a Solar Tower Power Plant 





The characteristics of the system are summarized in Table 5.12. 


TABLE 5.12 - Technical and Economic Key Data of the 





Swiss Solar Tower 


System 





Design Capacity 
First Commercial 
Service Year 
Maximum Annual 
Energy Output 
Capacity Factor 
Maximum Annual 
Availability 


Overall Efficiency 
(Average Load) 


Total 
Capital Cost 
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O&M Cost 
Variable 


Economic Lifetime 
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Assessor 





Wochele, J., EIR, Wiirenlingen, Switzerland 


Notes: 





(1) Uncertainty ranges for the data entries were not specified. 


5.6.4 Central Photovoltaic Electricity Generation 





The direct conversion of solar energy into electrical energy in 
a photo cell is based on the photovoltaic effect (first dis- 
covered by Heinrich Hertz). 

The absorption of electro-magnetic radiation in a semiconductor 
causes an electric voltage to be generated. The principle of 
the conversion of light into electrical energy is shown in 


Figure 5.10 for a p-n semiconductor silicon photo cell. 
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Figure 5.10: Band Model of a p-n Semiconductor 
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If the energy of a photon intercepted by the semiconductor is 
sufficiently high an electron is lifted from the valence band 
into the conduction band. For a silicon semiconductor the 
energetic difference between valence and conduction bands 
amounts to 1.4 eV. This corresponds to a wavelength of 1.11 | 
Visible light (wavelengths: 0.36 pm to 0.78 pm) can thus cause 
a load separation in a semiconductor photo cell, as at 1 
wavelengths its energy is larger than required. 


For this report a Norwegian characterization of a photovoltaic 
power plant has been received. The described system consists 
of a 104 m? area of silicon solar cells tilted at an angle of 
45 °. Table 5.12 summarizes the system data. 


TABLE 5.12 - Technical and Economic Key Data of a 





Photovoltaic Power Plant 
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Assessor 





Institute of Energy Technology, N-2007 Kjeller, Norway 
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(1) The indices of the units in 
following meaning: 
electricity 


p = peak electricity 


the summary table have the 


(2) TABLE 5.13 Uncertainty Ranges 





Item Median 


10 $ Probability of Being 





Value 


Less Than Greater Than 





Maximum Annual Energy 5.4 
Output 
Overall Efficiency 15 
Total Capital Cost 








(3) Total Capital Cost 





5.2 5.6 


14 17 





The total costs of the photovoltaic power plant can be 


broken down as follows: 


Solar cells 266 
Construction and 470 
Installation 

Owner's Cost 55 
Interest during 50 ( 


$/ kW, 
S/ kW, 


$/ kW, 
40 $/kW,, 





TOTAL 841 (675 970) $/ KW, 


For the solar cell cost the following degression has been 


assumed: 1990 586 S/kW 
2000 266 ۷ 
2010 160 S/kW 
2020 107 ۷ 








5.7 Geothermal Power Plants 
5.7.1 Introduction 








Normally, the heat of the earth is diffuse. However, when 
local geological conditions (anomalies) concentrate heat energy 
into hot spots or thermal reservoirs, it becomes a potential 
energy resource. Three categories of thermal reservoirs are 


defined geologically: 


1. Hydrothermal Reservoirs 


Hydrothermal reservoirs are the most desirable type for pro- 
ducing geothermal energy. These reservoirs consist of a 
heat source (magma) overlain by a permeable formation 
(aquifer) in which the ground water circulates through pore 
Spaces. The aquifer is capped by an impermeable formation 
which prevents water loss. 


Geopressured Reservoirs 


Geopressured reservoirs differ from hydrothermal reservoirs 
in the source of heat. They generally form in rapidly sub- 
siding basin areas, in which an impermeable sedimentary 
layer caps a permeable formation (aquifer). The overburden 
pressure created by the compacting of the formations does 
not decrease in such a case as the water in the aquifers 
cannot leave the system through the impermeable sedimentary 
layer. As a result there is a sharp increase in the tem- 


perature gradient on top of the permeable formation. 


Hot Dry Rock Reservoirs 


In a hot dry rock system no permeable aquifer overlies the 
heat source. Consequently, the utilization of such a re- 
servoir requires fracturing the rock and injecting a working 
fluid (e.g. water) in order to transport the geothermal 
energy to the surface. 


In the following the technical options for utilizing geothermal 
resources will be described. 


5.7.2 Hydrothermal Power Plants 





Two categories of hydrothermal or geopressured reservoirs can 
be distinguished, based on whether hot water or vapour domi- 
nates the reservoir.  Vapour-dominated systems, such as 
geysers, are the most commercially attractive, but are rela- 


tively rare. 


For this report the Japanese project participants assessed a 
geothermal binary cycle power plant utilizing a hot water 
dominated hydrothermal reservoir. In a first stage of the 
described system, natural steam is separated from the geo- 
thermal hot water which in general is partially evaporated. 

The separated steam drives a conventional steam turbine in a 
Rankine cycle. The remaining hot water transfers its energy in 
a subsequent heat exchanger to a low enthalpy working fluid, 
such as freon or isobutane, which drives a second turbine for 
electricity generation in a secondary thermodynamic cycle 
(Brayton cycle). Table 5.14 summarizes the Japanese assessment 


of the geothermal birary cycle power plant. 


Additionally, data of an American geothermal power plant are 
included in table 5.14. A detailed technical description of the 
System like for Japanese binary cycle plant, however, has not 
been provided. A direct comparison of the figures in table 5.14 


hence should be treated carefully. 


TABLE 5.14 - Technical and Economic Key Data of a 





Hydrothermal Binary Cycle Power Plant 





Fixed 


Overall Efficiency 
O&M Cost 


First Commercial 
(Average Load) 


Design Capacity 
Service Year 
Maximim Annual 
Energy Output 
Capacity Factor 
Maximum Annual 
Availability 
Total 
Capital Cost 
Variable 
O&M Cost 


Economic Lifetime 


Assessors 





Japan:-  Koyama, S., Kashihara, T., Endo, E., Electrotechnical 


Laboratory, Sakura-Mura, Ibaraki, 


U.S.A.:- Bhagat, N., NCAES, Brookhaven National Laboratory 


Notes: 
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(1) Fixed O&M Cost: 





The fixed O&M cost of the Japanese system can bo split in 
the following components: 
Tax 44.4 5/۷۷ 


Drilling of additional wells 136.9 $/kW 
Labour, repair, insurance, other 101.9 S/kW. 
TOTAL 283.2 5/۷۷ 





Total Capital Cost 





The differences between the presented capital cost figures 
occur because the American estimate (presumably) refers to 
a "single-cycle" (i.e. steam cycle only) geothermal power 
plant, while in the Japanese characterization a binary 
cycle power plant is considered. This supposition is 
strengthened by some Italian cost data for a singlecycle 
geothermal power plant, which is under construction at 
present in Italy and will be enlarged to a capacity of 250 
MW by the year 1990. The capital cost figure given for this 
system is 2000 $/kW of which 60 $ is spent for prospec- 
tion and drilling, 13 $ for piping, 20 $ for conventional 
plant equipment and the remaining 5 $ for reservoir studies 
and engineering (assessor: Giancarlo Tosato, Ente Nazionale 
Idrocarburi, Rome). 
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(3) TABLE 5.14 - Uncertainty Ranges 5.8 References 
Country; Item Median | 10 % Probability of Being : /5.1/ Energy Alternatives - A Comparative Analysis Science and 
Value Less Than Greater Than | Public Policy Program, University of Oklahoma, Norman, 
U.S.A. Overall Efficiency 12 7 17 1975 
Total Capital Cost 1350 1100 2000 S/ kW, 
Fixed O&M Cost 28.1 20.0 40.0 5/1۷۷ Pollutant Releases, Resource Requirements, Costs and 

















Variable O&M Cost 0.46 O. 35 0.65 $/GI a ۱ x Efficiencies of Selected New Energy Technologies, 
Teknekron Inc., Dec. 1975 
In the Japanese characterization uncertainty ranges were 
not specified. B Romanelli, P.J., "Electrical Generating Equipment and 
| Electric Utility Requirements for High Power Wind 
29.7.3 Hot Dry Rock Geothermal Power Plants | Generator Systems", l0th Intersociety Energy Conversion 





Engineering Conference, IEEE, Aug. 1975 


The utilization of hot dry rock reservoirs for geothermal 


energy production requires fracturing of the rock and injecting : Development of Construction Plans for the GROWIAN 
water in order to transport the geothermal heat to the surface. | System, Large Scale Wind Energy Convertor, Status Report 
Fracturing the hot dry rock zone can be achieved by two diffe- x No. ET 40887 


rent methods. One is the hydraulic fracturing method, which 
involves pumping water under high pressure into a well, causing ۱ | Boeing Engineering & Construction Company, 

the rock to crack around the borehole. The second fracturing mu MOD-2 Wind Turbine System, Concept and Preliminaries, 
method is nuclear fracturing in which in an array of multiple Design Report, Volume II: Detailed Report, 

nuclear explosives serves as the fracturing agent. € DOE/NASA/CJ02-80/2, NA 617 CR-159609, July 1979 


For geothermal production a pair of wells (one deer and one 
higher well) is drilled in a cracked, hot dry rock zone. Cool 
water is pumped into the deeper well and circulated through the 
hot cracked zone into the higher well where it returns to the 
surface. If the water returns to the surface as steam, the 
steam can be used to drive a turbine in a Rankine cycle. If it 
returns as hot water, the heat energy can be extracted through 
a heat exchanger and transferred to a low enthalpy working 
fluid, like Freon, which drives a turbine for electricity pro- 
duction in a Brayton cycle. A combined process, as described 
in the preceding section, is likewise possible, if the injected 
water is heated to wet steam which allows a steam/hot water 
Separation. In every case, the re-cooled water is pumped down 


the deeper well again to be reheated, thus effecting a closed 


circulation system /5.1/. 
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6. RESIDENTIAL AND COMMERCIAL END-USE 


6.1 Criteria for Comparison of Selected R&C Space Heat and 





Warm Water Genereting Technologies 





It is difficult to carry out accurate technical and economic 
comparisons of space heating and water heating technologies, 
because a wide variety of systems are available. Interpretation 
of the differences in technologies for different countries 
(Central, North and South Europe, North America, and Asia) is 


even more difficult. 


The major reasons for these differences can be attributed to 
the type of house in which the space heating and/or water 
heating system is installed: i.e. the size (single family, 
two-family, multi-family home, commercial house etc.), the 
level of insulation and the meteorological conditions at the 
location. Consequently the technical design and costs vary 


considerably. 


An earlier stuay, completed in 1980 for the IEA Energy Systems 
Analysis Project, compared the components of 26 different space 
heating systems for two standardized house types and four fixed 
insulation levels (Ref. 6.1). The study shows the variations 
for the characterization, but does not present enough detail to 


determine the state of development in all countries. 


The following examination of space heating and water heating 
systems considers the device separate from the house itself, 
because of the problem inherent to the configuration of houses 
(size, insulation level, location). Descriptions of the char- 
acteristics of individual houses are not contained in this 


Summary. 


It is not possible to list all the variants which exist so this 
chapter focusses on heat pump systems, which are expected to 


play an important role in the future R & C space and water heat 


Supply. 


The workshop, which reviewed the questionnaires, designed the 
following list of indicators for space heating and water heat- 


ing systems: 


DESIGN CAPACITY (OUTPUT PEAK CAPACITY) 

FIRST COMMERCIAL SERVICE YEAR 

ANNUAL SPACE HEATING DEMAND 

ANNUAL WATER HEATING DEMAND 

BACKUP FRACTION (if required) 

ANNUAL OVERALL EFFICIENCY 

ECONOMIC LIFETIME 

TOTAL CAPITAL COST PER UNIT DESIGN CAPACITY 

FIXED OPERATING AND MAINTENANCE COST PER UNIT DESIGN CAPACITY 


These are the standard indicators discussed in the following 
sections; other factors for system comparisons are included, 


where necessary. 


It should be noted that the system comparisons presented here 
go beyond the review of heat pump technologies previously 
Organized by the IEA secretariat (Ref. 6.2). The comparisons in 
this chapter also include the installation cost of the control 
and distribution system, additional constructional expenses 
(e.g. for fuel storage room, chimney, etc.) and costs for the 
heat source preparation as well as those considered in Ref. 
6.2. Where possible, however, a cost disaggregation is given 
which enables a comparison to be made with the figures presen- 
ted in the Final Report of the IEA Heat Pump Technology Review. 
The comparisons which have been made show good agreement after 
taking into account smail deviations arising from the inherent 


uncertainty in assessing such characteristics. 


6.2 Heat Pumps 





Heat pumps raise low-temperature ambient energy ("anergy") to a 
higher temperature level using some auxiliary energy input 


("exergy"). This principle has been applied for many years in 








space heating, space cooling including dehumidifying, and water 


heating. The technical description of heat pump systems given 
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The basic difference between space heat supplied by conventio- 
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Figure 6.1. The mixture of anergy and exergy which is provided 
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Figure 6.2: Schematic 
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6.2.1 Technical Descr 











Not all suggested pro 
market breakthrough. 


state of development 


Figure 6.1: Exergy/Anergy Flows for Space Heat Generation in ۱ heat pumps have not y 





Conventional boilers and Heat Pumps | heating market, but s 
| ched and small scale 


Several processes have been chosen in practice for heat pump ۲ ۱ Independent of the wo 
systems (Fig. 6.2). i required for any heat 


are displayed in Figu 
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rking system, a heat supply source is 

pump process. The principal heat sources 
re 6.3. 
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Figure 6.3: Heat Sources for Heat Pumps 





Air: 


In theory, it is possible to extract any desired amount of heat 
from the air, anywhere in the world. If 1 m3 of dry air is 
cooled by one degree Celcius approximately 0.35 Wh of energy 
can be extracted. Consequently large volumes of air have to be 
moved, the dimensions of the cooling apparatus are relatively 
large and, in general, relatively large amounts of mechanical 
energy are required for the air fans. A further disadvantage 
is the divergence of the heat demand profile and the air 
temperature profile during the year (see Fig. 6.4), showing 
that heat demand is highest when ambient air temperatures are 
lowest. This can lead to complications if the moisture in the 


air freezes on the heat pump's coils and reduces its per- 


formance. 





° L 


normalized heat demand —s_ 


mean air temperature 














Figure 6.4: Annual Curves for Air Temperature and 





Heat Demand in Berlin 


Soil: 


Heat from the soil can be extracted with large size heat ex- 
changers which are buried in the soil. The burial depth of the 
tubes is generally between 1 and 2 m, the distance between 
adjacent tubes varies between 0.5 and 1.5 m, depending on local 
circumstances. The capacity of the soil heat exchanger is a 
function of the duration of the heat extraction and of the soil 
temperature; in general, the capacity is between 15 and 40 
W/m?. As a general rule, the dimensions of a soil heat ex- 
changer have to be about 2 to 4 times larger than the dimen- 
sions of the area to be heated. The operation of the soil heat 
exchanger involves no technical problems. Negative impacts 
upon the environment appear to be limited to the vegetation 
directly above the heat exchanger. The vegeation's growth lags 
a few weeks behind neighbouring areas. 


Underground Water: 


Underground water is an important heat source, because of its 
relatively high temperature level. Figure 6.5 demonstrates 
that the seasonal alterations of the temperature are very small 


at a depth of about 7 m and more. 


Temperature 
4 6 8 10 12 14 16 18 20 °C 


d. 





Februar Mai August 


November 











Figure 6.5: Temperature Profiles in the Soil 





and Underground Water (Example for 


Western Europe) 


The average temperature level lies within the small range of 8 
to 10 °C. Because of this characteristic, heat pumps using 
underground water are very effective, especially for winter 
operations. The utilization of underground water as a heat 
source naturally depends upon the amount available and the 
quality of the water. The water availability, in particular, 
is restricted by the number and depth of the required drill- 


holes and legal restrictions on the use of underground water. 
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Surface Water: 


The heat potential of rivers and lakes is very large; the he 
potential of the Rhine at Diisseldorf, for instance, amounts 
approximately 27000 MW, even during the winter. This amount 
exceeds the demand for space heat for the city of Düsseldorf 
a factor of 16. Even small rivers have, in general, a satis 
tory heat supply potential. However, the use of this heat 
source will be only be economical, if the movement of heat a 
water is restricted to short distances, and if the feedwater 
and backflow water installations can be built at low cost. 
Another possible problem is existing pollution of the water 
feed. Depending on the type of pollution, special materials 
be required for the heat exchangers to minimize corrosion an 
this would raise costs. The exchanger may need periodic 
cleaning, which would increase the operating & maintainance 


costs. 


6.2.2 Design 





The compression heat pump consists essentially of a compress 
(driven by an electric motor or a combustion engine) a conde 
Ser, an evaporator, and an expansion valve between condenser 


and evaporator (Figure 6.6). 


The working fluid leaving the evaporator is usually a vapour 
which is compressed using mechanical energy. The vapour temp 
ture rises during compression and it enters the condenser un 
high pressure. The heat extracted from the vapour in the 
condenser and passed to the space to be heated causes the 
vapour to liquefy. Most of the heat transferred is the heat 
condensation. The liquid passes to the expansion valve, wher 
the pressure and temperature fall to low levels. Usually som 
of the liquid evaporates during this expansion, but most of 
evaporation takes place in the evaporator. The heat necessar 
for evaporation is extracted from the environment. The work 
fluid which leaves the evaporator is then compressed and th 
whole cycle starts again. Thus, heat is "pumped" frcm the 
environment around the evaporator to the area surrounding th 
condenser. 
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Figure 6.6: Schematic of Compression Heat Pump 





(Diesel, Gas, Flectric Rankine) 


In the case of an absorption heat pump, the process of feeding 
the compressor and compressing the fluid is achieved by a 
second cycle containing a blend of certain absorption and 


working fluids in the absorber and generator (Figure 6.7). 


The energy required by the absorption cycle solvent pump is 
small compared with that required by the pump for the com- 
pression heat pump cycle. This is because the compression cycle 
pump operates on vapour and the absorption pump operates on 
liquid. The other components in the absorption cycle are 
similar to those for the compression heat pump cycle. The 
absorption heat pump generates useful heat at two places, at 


the condenser and the absorber. 


Any absorption cycle requires a high temperature source (about 
100 °C to 200 °C) to supply heat to the generator and generate 
the working fluid for the main part of the circuit. Hence this 
cycle requires both mechanical energy, for the pump, and a high 
temperature heat source for the generator; although the latter 
is small compared with useful heat obtained. At the present 

state of development, the coefficient of performance (see next 
section "Efficiences") of the absorption cycle are substantial- 


ly lower than for the compression cycle. 
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Figure 6.7: Schematic of Absorption Heat Pump 








A problem in the absorption heat pump development exists in the 
selection of appropriate working and absorption fluids. The 
most common pairs are: ammonia/water and water/lithium 
bromide. Other pairs of fluids are subject of research, e.g. 


methanol/lithium bromide. 
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Efficiencies: 


Heat pumps represent technologies which contribute to the more 
effective use of energy or to energy conservation. An interes- 
ting indicator for comparisons of how "rational" energy is used 
is the ratio of the heat supplied over the energy inputs into 
the system. Various ratios can be defined and compared. For 
the electrical compression heat pumps, the ratio of the 
condensor capacity, Qg r relative to the electrical energy 
input, N, is often used. For combustive compression and 
absorption heat pumps, the ratio of the heat supplied, OQ 


N f 
relative to the energy input of the machine that drives the 


compressor, Qr p: is mostly used. 
For general comparisons of the performance of various systems 


it is convenient to adopt the "mean coefficient of performance", 


defined as the supplied heat energy, Que over the primary 


energy input, Q Figure 6.8 summarizes the various 


PE* 
indicators. 


Ambient 








وت —— مس —n‏ 





Capacity Coefficient 











Useful Heat 








Useful 7 





"end 


Condenser 
































N pR 


























Energy 
Conversion 























Sector 















































Ambient Energy 


Figure 6.8: Comparison of Various Heat Pump Indicators 





The mean coefficient of performance is averaged over the whole 
year and does not take into account seasonal variations. A 
more useful indicator for the energy conservation potential is 
the seasonal performance factor. This indicator is a function 
of the ambient air temperative frequency distribution, and 
therefore is a function of the location. The practical seasonal 
performance factor is also greatly influenced by efficiency 
fall-offs (as compared to ideal values) caused by operating the 


heat pump above or below the design point (Figure 6.9). 
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Figure 6.9: COP £ g of Air Source Heat Pumps 





(auxiliaries excluded) 


6.2.3 Opezation 





The heat pump performance changes with changes to the differ- 
ence in temperature between the space being heated and the heat 
pump's source of heat. Generally the space is heated to about 
20 °C. If the source of heat for the pump is the outside air, 
then a fall in that air temperature will result in a reduction 
in output and a reduction in the coefficient of performance. 
The greater the temperature difference, the qreater are the 
reductions. At some point the pump will deliver no heat. Natur- 
ally, a fall in outside temperature will call for more heat to 
be supplied by the pump to compensate for the increased heat 
loss through the outside walls and roof of space being heated. 
The combination of decreasing heat pump capacity and extra heat 
requirement will eventually cause the heated space to fall 
below 20 °C as the outside temperature falls. 
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tive operation). The back-up system should not draw on central 
A heat pump designed for the coldest day follows a progres- | | ۱ ۱ 
supply systems, like electric systems, in order to avoid peak 
sive curve for the heat output when temperatures rise (see ۱ 
demand additions. As for systems without back-up, i.e. mono- 
Figure 6.10). i ; 
valent systems, the heat demand is supplied solely by the heat 


bu Space heat demand d pump. It must be designed for the coldest day. 
h ont — Figure 6.11 shows the schematic of a monovalent combustion heat 
Index id pump using natural gas as the only fuel. 
2 P K Conventional boiler E 
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Figure 6.10: Schematic of Heat Capacity and Space Heat 0 ۱ | ۱ * Cold Water 
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Heat pumps which are driven by engines have a smaller increase 1s 








output as the outside temperature rises, since an essential 





part of the heat is taken from the engine's waste heat. 





Heat Pump 








In order to avoid designing heat pumps for the coldest day 


ich requires complicated control systems) bivalent heat pump | l f 
(whi 4 P Figure 6.11: Schematic of Monovalent Gas-Rankine 





tems have been developed. Besides the heat pump itself a 
1/۳ i ; : Water/Water Heat Pump 
second conventional system or back-up system is used, which at 
low outside temperatures complements the output of the heat 


pump (parallel operation) or replaces it fully (alterna- 
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6.2.4 System Comparison 





The schematic of a bivalent electric driven heat pump with an 











































































































































































































































































































oil back-up system is shown in Figure 6.12. The annual heating 
demand and the heat distribution for the heat pump and the oil Typical sizes of heat pumps which have been in several 
back-up system are displayed in Figure 6.13. countries are given in Figure 6.14. Z 
_ 
<d 
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š Se 
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سم — —- د‎ 
e 4 a 232 
Operation = N e -$- 
Ne 
? Battelle 
Electric - 
Market | | | | | 1 Compression | monovalent | Soii/Wat 
residential commercial industrial 
Useful heat sector ۱ Electric bivalent 
4 | | 2 Compression | Electric Air/Air 
supply 9 tet Backup 
v1 ۰ 
C industrial | Electric bivalent 
s 100-10.000 kW 3 Compression | Electric Air/Wate 
-10. d Backup 
a | 5 
L r rare < & | Electric monovalent | Soil/Wat 
E commercial buildings Compress ton valent | Soil/Wa 
QU °. 
G (offices, shops, schools, Gas mre 
— R Range leisure manen | d Lis lanna سا‎ 
— > 
2 É Electric bivalent 
] E of i 20 kW 1000 kW 6 Compression | Electric Air/Wate 
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cation | | | 7 | Electric tenete | ont 
Generator | 1 Compress ion onova len oil/Wat 
single room single family multi family | district heating s | Electric | bivalent | uci 
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mbient Energ 
Cold water ۱ 1 - 4 kW 4 - 20 KW | 20 - 400 kW | 400 10.000 KW Electric 
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f / # C i 1] k 
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100 1 ۳ eo ۱ M | i | D 
50 200 d 250 Figure 6.14: Classification of Systems by Application and 6 11 I n monovalent | Water/Wa 
Heating Days ——9 (Thermal Output) 12 | Gas ; ۱ 
Compression monovalent | Water/Wa 
13 Diesel | iq 
"e š . Compression monovalent | Air/Wate 
The heat pumps which have been examined in the context of the 
; i x ۰ ° Gas bivalent ۱ 
current project are grouped in order of capacity size for appli- 14 | Compression | Oi] Backup | ۶ 
Figure 6.13: Annual Diagram of Heat Demand cations in: 
(i) single-family houses, emo ieu 
HP = Heat Pump; BU = Backup 


(ii) two-family houses, 
"o * Partial system costs included or 
Schematic of Bivalent Electric Rankine Heat Pump (iii) multi-family houses/commercial buildings. 
The technical and cost parameters for these three groups are 
displayed in tables 6.1 to 6.3. Note that several of the 


heat pumps supply both space heat and water heat, while others 


supply space heat only. 
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BLE 6.1 - Heat Pumps for Single-Family Houses 
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mined with the next item to the right; 


۱۱۷ (see notes) 


n.a. 


= not available 


Notes to Table 6.1: 





Electric Compression Heat Pump 
Monovalent 

Soil/Water 

Belgium 

6 kW 


The system is designed to provide space and hot water for 
a single family house in Limelette, French Brabant, 


Belgium with 84 m2 floor area, 225 m3 internal volume and 


a coefficient of mean thermal transmittance of 0.89 W/m?K. 


The heat demand specifications are: 2754 degree days per 


year, 18 *C inside temperature. 


The heat pump, which has an output peak capacity of 5.5 kW, 


provides space heat only, while a conventional electric 
resistance heater of 0.5 kW capacity, which is loaded 


during off-peak times, provides 120 1/day hot water. 


The heat pump is combined with a hot water storage system 


ot 1 m3, which allows off-peak loading. 
Design temperature outside the house is -7 °C. 


Electricity consumption for water pump, compressor and 
auxiliary systems is 7000 kWh/yr. 83 ۶ of the electri- 


city input occurs off-peak. 


Capital costs: 


Heat pump 6500 
Radiators (floor heating system) 3400 
Hot water boiler 1000 
Heat storage 1900 
Auxiliary systems (controls etc.) 1700 
Total 14500 





Assessor: Stephane Hecq, Voie du Roman Pays, 34, 


B-1348 Louvain-La-Neuve, Belgium 





a lew weeks penina neighbouring areas. 





Notes to Table 6.1: 








No. 2 Electric Compression Heat Pump 
Bivalent, Electric Backup 
Air/Air 
Belgium 
6 kW 


See No. 1 (i) for the specification of the house and the 
demand. 


The heat source for the heat pump is a mix of fresh and 


recycled warm air. Backup is provided by an auxiliary 
resistance heater; the annual backup fraction is not 
Specified. 


Design temperature outside the house is -7 °C, 
Electricity consumption for air vents, compressor and 
auxiliary systems is 9300 kWh/yr with 40 % consumed 


during the day, 27 % at off-peak hours and 33 ٩ at other 
intervals. 


(v) Capital costs: 


Heat pump 3400 S 
Air convectors 2400 S 


Hot water boiler 700 S 
Total 6500 S 





- Assessor: Stephane Hecq, Voie du Roman Pays, 34, 


B-1348 Louvain-La-Neuve, Belgium 


Notes to Table 6.1: 








Electric Compression Heat Pump 
Bivalent, Electric Backup 
Air/Water 

Denmark 

6 kW 


The heat pump is designed to provide space heat and hot 


water for a new designed single-family house in Denmark 





with 120 m? floor area, 300 m? internal volume and a 
coefficient of mean thermal transmittance of 0.33 W/m? K. 
The heat demand specifications are: 2258 degree days per 


year, 20 'C inside temperature. 


The heat pump is combined with a small hot water storage 
tank of 200 1 and an electric resistance water heating 


system as backup. The annual backup fraction is 10 3. 
Design outside temperature is -12 °C. 


Electricity consumption: 


Heat pump and auxiliary systems 


Backup 


Coefficient of performance: 1.8 


Capital costs: 


Heat pump, excluding compressor 2700 
Compressor 500 
Storage tank and electric heater 1000 
Radiator system 2000 
Plumbing, electric equipment 900 
Outdoor installations 100 


Total 7200 





Assessors: Lars Henrik Nielsen/C.J. Christensen, 


Denmark 
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Notes to Table 6.1: 





No. 


4 





(i) 


(ii) 


(111) 


(iv) 


(v) 


Electric Compression Heat Pump 


Monovalent 
Soil/Water 
Denmark 

6 kW 





See No. 3 (i) for specification of the house anc 


demand. 


Design outside temperature is -12 


Electricity consumption is 7500 kWh/yr. 


Coefficient of performance: 


Capital costs: 


1.8 


Â COP £ 2.5 





Heat pump, excluding compressor 3000 - 360 
Compressor 1400 - 180 
Radiator system 2000 - 250 
Plumbing, electric equipment 1400 - 180 
Heat exchanger and earth works 1800 - 270 
Investment costs for the h.p. room 900 - 130 
Total 10500 -1370 
- Assessors: Lars Henrik Nielsen, Riso, Denmark 


No. 


5 





Gas Absorption Heat Pump 
Monovalent 

Air/Water 

United Kingdom 

8 kW 





L k | | ۱ 


` 





- 271 - 
- 270 - " 1 - 272 - 





Notes to Table 6.1: 





Notes to Table 6.1: Notes to "Table 6.1: 








to Table 6.1: (v) Capital costs: 





(iv) Electricity consumption: 








Heat pump, excluding compressor 3200 3400 : Electric Compression Heat Pump 
The heat pump is designed to provide space heat for a Heat pump and auxiliary systems 10700 kWh/yr Compressor 2100 2700 C 3 Monovalent 
Single-family house in the United Kingdom with 90 m? | 1 Backup 2600 kWh/yr Radiator system 2700 3400 i Soil/Water 
floor area, 225 m? internal volume and a coefficient of 2 | Plumbing, electric equipment 1400 1800 : Switzerland 
mean thermal transmittance of 1.1 W/m? K. The heat | Coefficient of performance: 1.8 ۱ Heat exchanger and earth works 2300 3600 ۱ 4 10.6 kW 
demand specifications are: 2200 degree days per year, Investment costs for the h.p. room 900 1300 | a 
20 °C inside temperature. Capital costs: Total 12600 - 16200 See No. 8 (i) for the specification of the house and the 
| the í | demand. 
Heat pump, excluding compressor 3200 4300 5 
i f ۱ ۱ N ۱ ¿š M | ۱ ۱ ۱ 
First commercial service year is between 1985 and 6 Compressor 800 1000 $ sessors: Lars Henrik Nielsen, Riso, Denmark ۴ T 
Design outside temperature is - "vi 
Storage tank and electric heater 1000 1200 5 | g p 
Costs are in the range of 5 5000 to $ 7000. They include Radiator وان‎ 2700 3400 $ No. 8 Electric Compression Heat Pump 
cost components for the heat pump, associated installa- Si bihê, eieéttie equipment 1200 1600 $ Bivalent, Oil Backup Electricity consumption for the heat pump and auxiliary 
tions and controls only. Cost fractions of the heat guai nakai idk inni 100 0 $ Air/Water systems is 5000 kWh/yr. 
distribution system are not included. gata) 9000 11500 Š Switzerland 
1 = v 
10.6 kW Capital cost estimated at $ 19 500. No cost breakdown 
- > '* A.V. Ward, ETSU, H 11, England i i ' available. 
ee bs TT "|" — —m - Assessors: Lars Henrik Nielsen/C.J. Christensen, Riso, 
The heat pump is designed to provide s 
Denmark pace heat for a 
0$ No. 6 Electric Compression Heat Pump single-family house at Berne in Switzerland with 162 m? - Assessor: J. Wochele, Eidgenössisches Institut für 
l 1 ; ; floor area, 47 3 i TY Reaktorforschung, Würenlingen, Switzerland. 
0 ۶ PE — — Electric Compression Heat Pump ea, 474 m? internal volume and a coefficient of 3 3 
0 $ Air/Water sasa anh mean thermal transmittance of 0.62 W/m2 K. The heat 
> K ۱ demand s i fi i ۰ Electric Compression Heat Pum 
os Denmar Soil/Water ۱ pecifications are: 3870 degree days per year, ۱ - P 
0 $ 9 kW — 20 *C inside temperature. Bivalent, Oil Backup 
os 9 kW Air/Water 
0 $ The heat pump is designed to provide space heat and hot The heat pump is combined with an oil backup system which Germany 





water for an older single-family house in Denmark with 


120 m? floor area, 300 m? internal volume and a coeffi- 





cient of mean thermal transmittance of 0.57 W/m? K. The 
heat demand specifications are: 2978 degree days per 


year, 20 °C inside temperature. 
The heat pump is combined with a small hot water storage 
tank of 2060 1 and an electric resistance water heating 


system as backup. The annual backup fraction is 10 $. 


Design outside temperature is -12 'C. 








See No. 6 (i) for the specification of the house and the 


demand. 


Design outside temperature is -12 


°C. 


Electricity consumption is 12000 kWh/yr. 


Coefficient of performance: 1.8 < 


COP < 


2.5 


provides 50 % of the annual heat supply. The efficiency 
of the backup system is 80 $. 


Design outside temperature: -11 °C 


Electricity consumption for the heat pump and auxiliary 
systems is 13000 ۷۰ 


Capital cost estimated at $ 19 500. No cost breakdown 


available. 


- Assessor: J. Wochele, Eidgenóssisches Institut für 


Reaktorforschung, Würenlingen, Switzerland. 








15 kW 


The heat pump is designed to provide space heat and hot 
water for a single-family house in Germany with 130 m? 
floor area, 390 m? internal volume and a coefficient of 
mean thermal transmittance of 0.85 W/m? K. The heat 
demand specifications are: 3000 degree days per year, 


20 *C inside temperature. 














Notes to Table 6.1: 

(ii) The heat pump is combined with a conventional oil burner, 
which provides 30 % of the annual heat supply. The heat 
pump operates under "alternative mode" conditions. The 
Switching point is +3 °C outside temperature: above this 
temperature the heat pump works only, below it the oil 
burner takes over heat production. Peak output capacity 
is 7.5 kW at +3 °C for the heat pump, and is 15 kW at 
-15 °C for the oil burner. 

(iii) Air throughput: 4500 m3/h. 

(iv) Electric capacity: 

Compressor motor 3 kW 
Air vents 0.3 kW 
Annual electricity consumption: 
Compressor and air vents 4000 kWh 
Auxiliary systems 500 kWh 
(v) Radiator temperatures (feedwater/backflow): 
Heat pump 60/50 °C 
Oil burner 90/70 ?C 
(vi) The coefficient of performance is 2.3 at an outside 


temperature of +3 °C. The annual average COP is 23.6, 
excluding the heat distribution system (distribution 


efficiency "lp 0.82). 


Notes to Table 6.1: 









(vii) Capital costs: 















Heat pump 4500 5 
Air ducts 800 5 
Connection & mounting of h.p. 700 5 
Boiler 900 $ 
Oil burner 600 5 
Oil tank 300 S 
Piping system 1200 S 
Radiators 1000 $ 
Controls 900 S 
Space requirements, chimney 2300 $ 
Total system 13200 $ 










- Assessor: Dethlef Orth, KFA Jülich 
















No. 11 Electric Compression Heat Pump 









Monovalent 
Water/Water 





Germany 
15 kW 





















(i) See No. 10 (i) for the specification of the house and the 







demand. 






(ii) The heat pump uses 3 m3/h of underground water at +8 °C 






(average temperature) as the heat source. 











Design outside temperature is -15 °C. 






Electric capacity: 






Compressor motor 6 kW 
0.7 kW 







Underground water pump 


Electricity consumption is 11500 kWh/yr. 





